The replacement of copper wires by optical fibers for control and monitoring of aircraft systems are gaining more and more acceptance due to weight reductions and their intrinsic reliability. The present investigation proposes a new method for producing fiber optical guidelines in carbon fiber reinforced polymer (CFRP) composites using laser texturing and machining. Laser texturing was used to improve the adhesion bonding between the CFRP parts and laser machining is used to create a channel where the optical fiber will be placed and protected. The results show that using only 20 W of a Nd:YAG pulsed laser it is possible to enhance the joint resistance of CFRP composites and also protecting the optical fiber embedded in between two CFRP pieces. Using the proposed technology, the maximum load of a lap joint increased by 85% and the optical fiber remained integral even under severe bending conditions.
Motivation / State of the Art
There is a growing interest in the use of composite materials in the manufacture of means of land, maritime and aeronautical transportation [1] . Composite materials meet the engineering requirements in terms of mechanical performance, while providing a significant reduction in weight of structures [2] . For example, the reinforced plastic composites, like carbon fiber reinforced polymer (CFRP), are more resistant than steel and lighter than aluminum. So it has been widely used in racing and sports cars and commercial aircrafts [3] . For example, some new commercial aircraft already have more than 50% by weight of composites [4] and the NH90 military helicopter structure is 85% made of CFRP [5] .
The CFRPs are manufactured in the form of fabrics "prepregs" or by direct injection or by automated robotic heads. Regardless of the type of manufacturing, CFRPs are difficult to machine after cured. This is due to the structure composition which comprises two very different materials: hard and abrasive carbon fibers within a matrix of ductile plastic (epoxy, phenol, polyester, etc.). This led to the development of various technologies for cutting polymer matrix composite materials such as diamond cutting tools [6] , electron discharge machine and laser beam cutters [7, 8] . Another issue is the adhesion between the thin composite layers to form a thicker section. In the case of aircraft manufacture, the adhesion between one layer of CFRP and the other is performed by heating the resin and curing while cooling or by adhesive bonding. These are quite reliable processes and are even used in the repair of entire sections of an aircraft. Once the composite structure is finished, a series of equipments must be installed. Particularly, there is an increasing use of optical fibers in structures made of CFRP [9] . In the case of an aircraft, these optical fibers can be used in the control and monitoring of its subsystems. Today, the electrical signals used to drive navigation systems, control, communication and sensing are transmitted by copper wires. There are hundreds of kilometers of copper wires in a commercial aircraft, which is reflected in higher weight, reducing the load capacity of the aircraft and increasing fuel consumption. Due to its reduced size and weight, combined with its high capacity for transmitting signals, i.e. high bandwidth, the optical fiber becomes an interesting solution for replacement of the copper wire cables. In this case, the electrical signals could be converted into optical signals which are driven by a small number of optical fibers. In summary, the advantages of using optical fibers instead of copper wires are: reduction of weight and volume, immunity to electromagnetic interference, lower material costs and reduction of the diameter and number of cables needed. Moreover, there is no risk of short circuit or electrical grounding problems. In the case of an optical fiber network system of an aircraft, is very useful to create a channel where the fiber can be guided. This channel must accommodate the optical fiber accordingly and protect it from the external environment. The application of a new layer of CFRP and heat sealing is not an option because it prevents periodic maintenances and the heat can damage the optical fiber [10] . The problem is that an optical fiber, even protected by plastic jacket can be damaged if used in a harsh environment like an aircraft, open to impacts from both the structure itself and the normal operation (such as loading and unloading). One possible solution would be to use a metal protection for stranding the optical fiber, which would not be an advantage due to the high mass per meter introduced. This contribution intends to offer an alternative to guide and protect the optical fiber though the engineering structure using laser technology. A CFRP composite piece is laser machined to receive the optical fiber and then a second composite piece is adhesive bonded to the upper part creating a an optical fiber guideline, comprising the two CFRP with the optical fiber in between them. In order to increase the adhesion between CFRP, laser texturing was used before gluing them. Therefore, the current research intends to answer two questions: a) what kind of laser texturing pattern could be used to increase adhesive bonding without damaging the carbon fibers? and b) how to produce a suitable laser machined channel for the optical fiber? Laser surface texturing of CFRP composites had been already reported by other authors. Rytlewski et al. [11] studied surface texturing of polyamide composites prior to metallization using an ArF excimer laser. The authors show that the laser texturing improves the metal bonding by creating copper spheres at the top of the polymer columns. Bewnard et al. [12] studied the wettability and lap joint strength of excimer laser processed carbon epoxy composites. They showed an increasing on the adhesives wettability (types not divulged in the paper) in low laser fluences. Texturing also favored enhanced lap joint strength typically from 640 to 850 N. Nevertheless, to the knowledge of the authors, the question of the specific use reported here is a new insight on the matter.
Experimental
A large 6 mm thick panel of CFRP composite was machined to produce the coupons to form the optical fiber guidelines. The composite characteristics were the following: carbon fiber diameter = 8 m, carbon fibers bunch diameter = 1 mm, number of prepegs layers = 9, prepeg fabrics type = shed double layer carbon fiber mesh. The coupons were electron discharge machined (EDM) to dimensions: height 6.2 0.1 mm, width 10.1 0.2 mm and length 12.9 0.1 mm. Laser processing was carried out using a frequency-doubled (532 nm) Q-switched Nd:YAG laser (Corona, Coherent). The energy per pulse could be tuned in the range of 0.1-8 mJ, with a pulse width range between 100 and 200 ns, and repetition rate of 1 to 20 kHz. A scan head (HurrySCAN 20, Scanlab) with a F-theta objective of 250 mm was used to move the laser beam over the CFRP surface. The focal laser diameter onto the surface was 0.2 mm. Laser texturing and cutting were performed by the same equipment under the following conditions:
Laser surface texturing: it was carried out with a fast scanning of the surface creating ablation in discrete points over the entire surface. Here, the scanning speed (v), spot diameter (d) and pulsing frequency (f) were set to allow 50% superposition between each laser shot, giving: v = 500 mm/s, d = 0.2mm and f = 5 kHz. The lateral shift was fixed at 0.1 mm for 50% superposition as well. Four different laser power levels were tested: 5 W, 10 W, 15 W, and 20 W. Laser cutting: The channel was machined just after the texturing by several scannings through a straight line in the middle of the coupon using the following parameters: laser average power = 15 W, v = 100 mm/s and 10 runs (the laser crossed the groove 10 times). Surface characterization after laser texturing was carried out using optical microscopy and X-ray diffractometry. The Xmethod (fixed 4° incidence angle). The equipment for mechanical tests was an MTS 810 tensile machine with a load cell with a capacity of 250 kN. The mechanical tests were carried out in two configurations: lap joint shear and three-point bending testing. Single lap joint tensile tests were accordingly ASTM D2294 (Standard Guide for Use of Adhesive-Bonded Single Lap-Joint Specimen Test Results), using two coupons measuring 6.2 x 10.0 x 80.0 mm each, with an adhesive bonded superposition of 18 1 mm. The glue was a 3M, Scotch-weld DP-460 and the film thickness was 0.5 0.1 mm. Three-point bending test is cited in standard ASTM D790 (Standard test methods for flexural properties of unreinforced and reinforced plastics and electrical insulating materials). For the threepoint bending tests, the entire laser treated surface were glued and tested using a width of test beam of 50 mm. During the three-point bending tests, the load and the displacement were recorded, while the integrity of the optical fiber was monitored in real time by a system composed by a laser (emitter) and a photodetector (receiver), as shown in Fig.1 . The optical fiber was a Thorlabs 980HP single-mode fiber. The laser was a Qphotonics QFBGLD-980-150J diode laser operating at 980 nm wavelength and 120 mW of maximum continuous power, whose output was fiber delivered. The photodetector comprised an OPF480 PIN photodiode and a transimpedance circuit. The laser output fiber was spliced to a stretch of approximately 50 cm of 980HP fiber which, in turn, was sandwiched by (or in between the) the composite parts. The other end of this fiber was spliced to a stretch of fiber coupled to the photodetector, whose output voltage was connected to an oscilloscope. Thus, this simple setup was used to monitor the integrity of the optical fiber (inside the composite piece) by monitoring the optical intensity as function of the loading, through the output voltage signal on the oscilloscope.
Results and Discussion
Surface structure characterization of the laser-processed surfaces was accomplished by optical microscopy and X-ray diffraction and the results are presented in Fig..2 . The photos at upper right show a microscopy view of the composite surfaces after texturing with four different laser power levels: A) 5 W; B) 10 W; C) 15 W and D) 20 W. This later was the maximum output power for the current laser configuration. The other experimental conditions remained unchanged as explained before (see section 2). Condition A produced only small interaction with the surface and Condition B presented some residual polymer between fibers. These features were only apparent with the microscope, since the X-ray diffraction spectra (middle of Fig.. 2) were about the same in all conditions A to D. The peaks indicated as (002) and (101) represent the carbon diffraction lines as also observed by Nishino et al. [13] . As can be seen, the carbon fiber structure remains the same disregarding the laser power used. Therefore, surface damages in the carbon fiber were not observed by X-ray diffraction. Since the laser surface preparation (texturing) intended to selectively remove the polymer phase of the composite to receive a new polymer film, conditions C and D (Fig..2) are suitable to form the optical fiber guideline and the conditions C and D were selected for the subsequent mechanical testing. Initially, the strain-load curves were acquired and the shear tensile strength was tested for two types of optical guidelines: one was composed by two textured composite pieces (bounded with adhesive epoxy), while the other was composed by two regular composite pieces (also bounded with adhesive epoxy). Fig. 3 presents a comparison between the two types of adhesive bonded sets by lap-joint shear testing. In this case, the maximum load increased almost twofold and the maximum strain increased by a factor of 2.7, when comparing the laser textured surfaces to the regular ones. As a rule, the treated (laser textured condition C) CFRP joints presented higher maximum load and maximum strain than untreated (regular) surfaces. Fig. 4 presents the overall results of tensile stress testing, with the bars corresponding to the maximum loads and the opened circles to the maximum shear stresses. Thanks to the selective removal of polymer, the laser treatment produced coupons with better mechanical behavior. The maximum load of lap joint increased 85% from the untreated condition to the treated condition (condition C). The maximum shear stress obtained in the lasered condition C is approximately twice the untreated condition. According to the presented results, laser surface processing (texturing) proved to be an effective route to increase the toughness of adhesive bonded CFRP composites, so the process could be considered in a real engineering problem of manufacturing optical fiber guidelines for use in composite structures, such as airplanes. Fig. 5 shows a possible sequence of an optical fiber in a CFRP longitudinal stringer. The sequence helps to discover each step on this technology: (a) selection of a given structure to receive the channel; The first challenge for this structure (optical fiber guideline shown in Fig. 5 ) is its resistance to bending. Mechanical tests based on three-point bending were accomplished and presented in Fig. 6 . Fig. 6(a) is the load versus Z-displacement of the coupon. The maximum load at 6900 N represents the limit for carbon fiber integrity before failing. After this maximum, the load dropped quickly but some tensile strength remained due to the unbroken carbon fibers. Fig. 6(b) is a load versus displacement for a laser-processed case. It can seem that the maximum 7200 N is a little higher than the untreated condition, shown in Fig. 6(a) . Considering all the experimental results, the average maximum loads were 7000 N for the untreated and 8300 N, for the lasertreated coupons. Additionally, considering the toughness as the areas under the curves, the lasered condition usually presented a higher value. Fig. 6 (c) and Fig. 6(d) are the normalized output signals from the optical fiber as a function of displacement for the untreated and treated samples. The signal is directly associated with the fiber integrity, since the light is not guided anymore when it was damaged. For the untreated condition, the signal is lost after approximately 18 mm ( Fig. 6(c) ). On the other hand, laser treated sample ( Fig. 6(d) ) presented a constant level of light signal up to the end of the bending test (at approximately 20 mm). In both cases, the optical fiber signal kept on even after the crack region at approximately 4 mm, showing that the laser grooved guideline increases the shear strenght of the optical fiber. The reason behind the loss of signal is linked to the fracture mode in the untreated conditions. As can be seen in Fig. 7 , the untreated condition presented a crack between the composite bars and the lasered coupons presented cracks inside the bar(s). Therefore, the optical fiber in the untreated case receives a lot of stress and might be broken due to the attachment to one side of the bars or the separation between the two composite pieces (the treated pieces did not separated). Possible uses of the current research exceeds the challenges of optical communication in aircrafts because fibre sensors are also capable to monitor the health of a given structure. Embedded optical sensors using custom made diffraction gratings, such as Bragg gratings, could be used to measure strain and temperature in different parts of the structure [14, 15] . The current research shows that those fibre optics sensors could be placed anywhere by laser machining and subsequent laser texturing for bonding, resulting in reliable and long standing monitoring of the structures.
Conclusions
It was proposed a technology for creating guidelines for optical fibers in carbon reinforced composite polymers using laser technology. Laser textured CFRP surfaces did not present carbon fiber damage sufficient to endanger the optical fiber operation, although the maximum load in lap joints increased by a factor two. The developments indicate that it is possible to create very tough joints between two CFRP bars protecting the optical fiber even under severe bending. The use of this technology in areas such as composite aircraft structures could positively broaden the use of optical fibers in the aerospace sector.
